Performance studies of the Belle II Silicon Vertex Detector with data taken at the DESY test beam in April 2016 by Lück, Thomas et al.
P
o
S(Vertex 2016)057
Performance studies of the Belle II Silicon Vertex
Detector with data taken at the DESY test beam in
April 2016
T. Lück h,i∗, K. Adamczyks, H. Aiharao, C. Angelinih,i, T. Azizg, V. Babug, S. Bachers,
S. Bahinipatid , E. Barberioa, Ti. Baroncellia, To. Baroncellia, A. K. Basithe,
G. Batignanih,i, A. Bauerb, P. K. Beherae, T. Bergauerb, S. Bettarinih,i, B. Bhuyan f ,
T. Bilkac, F. Bosii, L. Bosisio j,k, A. Bozeks, F. Buchsteinerb, L. Bullab, G. Cariaa,
G. Casarosai, M. Ceccantii, D. Cˇervenkovc, S. R. Chendvankarg, N. Dashd , G. De
Pietroh,i, S. T. Divekarg, Z. Doležalc, D. Duttag, F. Fortih,i, M. Friedlb, K. Harap,
T. Higuchil, T. Horiguchin, C. Irmlerb, A. Ishikawan, H. B. Jeonq, C. Jool, J. Kandrac,
N. Kambarap, K. H. Kangq, T. Kawasakim,C, P. Kodyšc, T. Kohrikip, S. Koikep,D,
M. M. Kolwalkarg, R. Kumart , W. Kuno, P. Kvasnicˇkac, C. La Licata j,k, L. Lanceri j,k,
J. Lettenbichlerb, J. Libbye, M. Makip, P. Mamminii, A. Martini h,i, S. N. Mayekarg,
G. B. Mohantyg, S. Mohantyg,A, T. Moriil, K. R. Nakamurap, Z. Natkaniecs, Y. Onukio,
W. Ostrowiczs, A. Paladinoh,i, E. Paolonih,i, H. Parkq, F. Piloi, A. Profetii, K. K. Raog,
I. Rashevskayak,B, G. Rizzoh,i, Resmi P. K.e, M. Rozanskas, J. Sasakio, N. Satop,
S. Schultschikb, C. Schwandab, B. Schwenkeru, Y. Seinom, N. Shimizuo, U.
Stolzenbergu, J. Stypulas, J. Suzukip, S. Tanakap, G. N. Taylora, R. Thalmeierb,
R. Thomasg, T. Tsuboyamap, S. Uozumiq, P. Urquijoa, L. Vitale j,k, M. Watanabel,
S. Watanukin, I. J. Watsono, J. Webba, J. Wiechczynskis, S. Williamsa, B. Würknerb,
H. Yamamoton, H. Yinb, T. Yoshinobup, L. Zanih,i,
(Belle-II SVD Collaboration)
c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/
P
o
S(Vertex 2016)057
a
School of Physics, University of Melbourne, Melbourne, Victoria 3010, Australia
b Institute of High Energy Physics, Austrian Academy of Sciences, 1050 Vienna, Austria
c Faculty of Mathematics and Physics, Charles University, 121 16 Prague, Czech Republic
u Georg-August-Universität Göttingen, 37073 Göttingen, Germany
d Indian Institute of Technology Bhubaneswar, Satya Nagar, India
e Indian Institute of Technology Madras, Chennai 600036, India
f Indian Institute of Technology Guwahati, Assam 781039, India
g Tata Institute of Fundamental Research, Mumbai 400005, India, Aalso at Utkal University,
Bhubaneswar 751004, India
h Dipartimento di Fisica, Università di Pisa, I-56127 Pisa, Italy
i INFN Sezione di Pisa, I-56127 Pisa, Italy
j Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy
k INFN Sezione di Trieste, I-34127 Trieste, Italy, Bpresently at TIFPA - INFN, I-38123 Trento,
Italy
l Kavli Institute for the Physics and Mathematics of the Universe (WPI), University of Tokyo,
Kashiwa 277-8583, Japan
m Department of Physics, Niigata University, Niigata 950-2181, Japan, Cpresently at Kitasato
University, Sagamihara 252-0373, Japan
n Department of Physics, Tohoku University, Sendai 980-8578, Japan
o Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
p High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan, Ddeceased
q Department of Physics, Kyungpook National University, Daegu 702-701, Korea
s H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342, Poland
t Punjab Agricultural University, Ludhiana 141004, India
Belle II is a multipurpose detector currently under construction and it will be operated at the
next generation B-factory SuberKEKB in Japan. The main Belle II devices, devoted to the vertex
reconstruction, are the Silicon Vertex Detector (SVD) and the Pixel Detector (PXD). In April 2016
a sector of the Belle II SVD and PXD has been tested in a beam of high energetic electrons at the
test beam facility at DESY Hamburg (Germany). We report here the results for the hit efficiency
estimation and the measurement of the resolution for the Belle II silicon vertex detector. Hit
efficiencies are measured to be on average above 99.5% and the measured resolution is within the
expectations.
The 25th International workshop on vertex detectors
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La Biodola, Isola d’Elba, ITALY
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1. Introduction
The Belle II detector [1] is a multipurpose detector which will be operated at the asymmetric
B-Factory SuperKEKB [2] (Japan). Measurements planned to perform at the Belle II experiment
aim at testing the standard model of particle physics with high precision. An unprecedented in-
stantaneous luminosity of up to 8×1035cm−2s−1 will be provided by the accelerator which poses
extreme requirements on the sub-detectors of Belle II. The reconstruction of charged particle po-
sitions close to the interaction point is provided by the Vertex Detector (VXD), composed of the
Pixel Detector (PXD) [1, 3], made of two layers of sensors based on DEPFET pixels, and of the
Silicon Vertex Detector (SVD) [1, 4], composed of four layers of double sided silicon strip detec-
tors. Data taking of Belle II is foreseen to start in 2017, with first physics runs with the completed
detector in 2018.
To achieve the physics goals of Belle II it is fundamental to reconstruct tracks with a high
efficiency and a good resolution. Performance of prototypes of the PXD and SVD modules have
been measured in previous testbeam campaigns. In April 2016 a full sector of the Vertex Detector,
PXD and SVD, with its final configuration, has been tested with a beam of high energetic electrons
at the test beam facility at DESY Hamburg. This was the first test of the SVD ladders in their final
design which will be utilized in the Belle II experiment.
2. The Silicon Vertex Detector
Figure 1: Shown is a 3D rendering of the Silicon Ver-
tex Detector of the Belle II experiment.
The Silicon Vertex Detector (SVD) is
one of the main track finding devices of the
Belle II detector. It consists of 4 layers (L3,
L4, L5, L6) of ladders made of several Dou-
ble Sided Silicon Strip Detectors (DSSD) po-
sitioned at radii of 38 mm, 80 mm, 115 mm,
and 140 mm from the interaction point. The
sensors have readout pitches in the r− φ -
direction (p-Side) between 50 µm and 75
µm, and between 160 µm and 240 µm in
the z-direction (n-Side). To increase the res-
olution of the reconstructed position a float-
ing strip is implemented between two read-
out strips. The SVD features a fast readout by utilizing APV25 chips. An angle of 17◦ < θ < 150◦
is covered by the SVD, where θ is the angle as seen from the interaction point with respect to the
z-axis which is defined by the beam axis. Figure 1 shows a 3D rendering of the SVD. A detailed
description of the SVD can be found in the references [1, 4].
3. Experimental setup
The Vertex Detector sector tested with beams consist of 4 SVD ladders and 2 half ladders for
the PXD. The setup was placed in a beam of electrons with energies of up to 5 GeV which was
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provided by the DESY test beam facility. The beam hits the sensors at perpendicular incident angle.
In addition a magnetic field of up to 1T perpendicular to the beam was applied. The readout was
performed by the full readout - chain foreseen to be used for Belle II data taking in a downscaled
version [5]. Several runs at various beam energies and various magnetic field strengths have been
recorded (distributed over 4 weeks) for offline analysis. In addition to the SVD and the PXD, 6
DATURA telescope planes [6] (3 upstream and 3 downstream) with Mimosa 26 pixel detectors
provided position information.
Beam was seen on 5 of the 15 sensors composing the 4 different ladders. A picture of the SVD
ladders under test and a schematic of the setup of all sensors used can be found in Figure 2.
Figure 2: A picture of the four SVD ladders mounted on the supporting structure (Picture taken by Katsuro
Nakamura (KEK)) is shown on the left-hand side. An event display for a typical test beam event to illustrate
the arrangement of detectors is shown on the right-hand side. The detectors from left to right are three
DATURA telescope planes, the four SVD ladders, two half ladders of PXD sensors and another three layers
of DATURA telescope planes. The beam is going from the right to the left. The blue lines indicate true
charged particle tracks (primary and secondary).
4. Hit efficiency measurement
The hit efficiency is measured only using three out of the four SVD layers of the full track
finding procedure, where the reconstructed track is then used to predict the expected position on
the fourth layer (the layer not used for the track reconstruction).
The track finding is performed by the track finding software implemented in the Belle II soft-
ware framework [7]. The alignment of the sensors is done by the Belle II alignment framework
utilizing the Millipede package. Track fits are performed by the Genfit2 package. For the analysis
only events where a single track in the SVD has been reconstructed are used. To reject poorly
reconstructed tracks we require that P > 0.02, where P is the p-value of the fit to the track. Only
tracks from high momentum particles are considered for analysis by requiring that the reconstructed
momentum is close to the nominal momentum expected from the beam 2 < p f it < 4GeV/c. In ad-
dition the uncertainty on the extrapolation of the reconstructed track on the sensor plane is required
to be < 30−70µm (depending on layer and sensor side) to ensure a reasonable resolution for the
predicted track position.
2
P
o
S(Vertex 2016)057
Performance studies of the Belle II Silicon Vertex Detector T. Lück h,i
The number of reconstructed hits is estimated by counting the number of events where a signal
is found on a strip within 300µm of the predicted track position on the sensor under investigation.
The efficiency is defined as ε = #hits#tracks , where #hits is the number of reconstructed hits and #tracks
is the number of events where a track fulfilling the afore mentioned conditions was found. The
number of background hits, due to noisy strips or hits from secondary particles, for each event, is
measured counting the number of hits for each strip which are further than 300µm away from the
predicted track position. The probability of having a background hit on a strip, Pbkg, is typically
below 0.001, and it is subtracted from the efficiency ε . A systematic uncertainty on the estimate of
the efficiency, equal to the probability of having background hits is conservatively assigned.
In Figure 3 we show the results for the efficiency as function of the strip number for a typical
sensor. For all sensors under test we find an efficiency per strip which is on average above 99.5%.
The regions with low efficiency seen in Figure 3 are either already known defects of the sensor or
are due to a gap between two sensors.
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Figure 3: Efficiency as function of the strip number for the sensor on the 3rd ladder of the SVD sector under
test (L5). On the left hand side the efficiency for the strips on the r−φ - direction are shown while on the
right hand side the efficiencies for the z - direction are shown. The error bars show the total uncertainty
composed of statistical uncertainty and the systematic uncertainty due to background hits.
5. Measurement of the hit resolution
The intrinsic hit resolution is extracted from the distribution of the residuals, i.e. the distance
between the reconstructed hit on the sensor and the extrapolated intersection of the reconstructed
track with the sensor plane. Several terms contribute to the measured residual: hit resolution,
uncertainty on the extrapolated track, multiple scattering. With the setup and beam energy used
the multiple scattering contribution is expected to be negligible. To reduce the uncertainty due
to the track extrapolation the high resolution telescope planes were also used in the analysis. As
the telescope is not supported in the Belle II analysis and simulation framework (basf2), we use
for alignment and track reconstruction a software developed to analyse test beam data [8, 9]. This
software is based on the iLC Soft software package [10]. A dataset of 539k events has been used for
this analysis. The nominal beam momentum was set to 5 GeV and the magnetic field was turned
off. The track finding and fitting has been performed on all 12 planes (6 telescope planes + 4
SVD planes + 2 PXD planes). We require for each track to have a hit on at least 10 of the 12 sensor
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r−φ - direction
ladder σ
√
σ2−σ2track p/2
√
12
[µm] [µm] [µm]
L3 10.4±0.1 8.2 7.2
L4 11.7±0.1 9.8 10.8
L5 11.9±0.1 10.0 10.8
L6 11.4±0.1 9.3 10.8
z - direction
ladder σ
√
σ2−σ2track p/2
√
12
[µm] [µm] [µm]
L3 24.9±0.3 23.6 23.1
L4 35.5±0.4 34.6 34.6
L5 33.7±0.3 32.7 34.6
L6 31.4±0.3 30.4 34.6
Table 1: We summarize the results for the measurement of the residuals of the sensors under test for each
ladder (L3 to L6) and side (r−φ , z) of the SVD sector. Here σ is the width of the Gaussian function used
to fit the residual distribution. The width of the residual, corrected by the uncertainty on the track position
extrapolation on the sensor, σtrack, is also our measured intrinsic hit resolution, being the contribution to the
residual due to multiple scattering negligible in our setup. As a comparison with the expected resolution for
perpendicular tracks, the last column reports the resolution p/(2
√
12) expected for a digital readout.
planes. Badly fitted tracks are removed from the analysis by rejecting tracks with a χ2/ndo f > 3.3.
From the simulation the uncertainty on the extrapolation of the reconstructed track position on the
SVD sensor planes, σtrack, is of the order of ≈ 6−7µm for the r−φ -direction and ≈ 8µm for the
z-direction, respectively.
An example for the measured residuals is shown in Figure 4 and the numerical results are
summarized in Table 1. Since the effect of multiple scattering is expected to be negligible in our
setup, we estimate the resolution from the width of the residual distribution corrected by the error
on the position of the extrapolated track on the sensor. For perpendicular tracks we expect a digital
resolution p/(2
√
12), where p is the read out pitch of the sensor, the factor of 2 takes into account
that the SVD sensors have a floating strip between two readout strips. We find that the measured
resolutions are in good agreement with the expectation.
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Figure 4: Residuals for the 3rd SVD layer of the sector under test (L5). The line represents a fit of a
Gaussian to the residual.
6. Summary
A sector of the Silicon Vertex Detector and the Pixel detector of the Belle II experiment have
been tested in a test beam at DESY Hamburg (Germany). The efficiencies for finding a hit have
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been estimated to be larger than 99% for all the layers of the SVD, and the measured resolutions
are consistent with the expectations.
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